The adenovirus E4orf4 protein expressed at high levels kills cancer cells but not normal human primary cells. Previous studies suggested that disruption of processes that regulate mitosis may underlie E4orf4 toxicity. Here we have used live imaging to show that E4orf4 induces a slowed defective transit through mitosis, exhibiting a delay or often failure in cytokinesis that may account for an accumulation of G 1 tetraploids in the population of dying E4orf4-expressing cells.
The adenovirus E4orf4 protein expressed at high levels kills cancer cells but not normal human primary cells. Previous studies suggested that disruption of processes that regulate mitosis may underlie E4orf4 toxicity. Here we have used live imaging to show that E4orf4 induces a slowed defective transit through mitosis, exhibiting a delay or often failure in cytokinesis that may account for an accumulation of G 1 tetraploids in the population of dying E4orf4-expressing cells.
E
4orf4 is a human adenovirus early protein that functions during infection to facilitate progression to the late phase (1-7); however, when overexpressed alone in cancer cells, it induces some accumulation of 4n (tetraploid) cells (8) and slow cell death, perhaps involving mitotic catastrophe (9) (10) (11) (12) (13) (14) . We showed previously that E4orf4-expressing tumor cells with both 2n and 4n DNA content are arrested in G 1 and die (8) . This arrest in G 1 seems due to an inability to initiate new rounds of DNA synthesis (8) . E4orf4's effects require an interaction with the B55 class of protein phosphatase 2A regulatory subunits (9, (14) (15) (16) (17) , and we have found that at high levels, E4orf4 inhibits PP2A B55 (18) to induce effects on anaphase-promoting complex (APC) and perhaps other processes that may disrupt normal passage through mitosis (18, 19) .
In this report, we have specifically addressed the defect in mitosis by performing a series of live-cell imaging studies by timelapse microscopy on asynchronously growing as well as synchronized cells. H1299 cells expressing mCherry-tagged histone 2B (H2B) (H1299 cells that had previously been stably transfected with H2B-mCherry in pcDNA3 [catalog number 20972; Addgene, MA, USA]) (20) were infected at a multiplicity of infection (MOI) of 50 with adenoviral vectors expressing either E4orf4 or the reverse tetracycline-controlled transactivator (rtTA) protein. Construction of these viral vectors has been described previously (9, 11) . Following an 18-h expression period, the cells were plated on 6-well plates in medium containing 20% serum, and time-lapse microscopy was performed using an AxioVision 3 microscope equipped with AxioCam HR (Zeiss, Thornwood, NY) digital camera. Pictures were taken at 15-min intervals over 18 h at a ϫ10 magnification using both phase-contrast microscopy (to observe whole-cell morphology) and fluorescence microscopy (to observe histone 2B and hence the cell nuclei). For each condition, 50 cells were randomly chosen, monitored through the entire time course, and scored for their phenotypes. Cells were scored for the time required to round up (considered to be the start of mitosis), the time required from the first rounded phenotype to the appearance of two nuclei (telophase), the time required for the doubly nucleated cells to separate (cytokinesis), and the time required for the daughter cells to return to their flat morphology (considered returned to G 1 ).
As summarized in Fig. 1A , asynchronously growing cells infected with the control rtTA viral vector mostly proceeded rapidly through M phase, although a few cells did not reach mitosis during the observed period (nonresponsive adherent cells). However, cells expressing E4orf4 (Fig. 1B) behaved very differently. About half the population did not respond or rounded up but did not progress through mitosis (nonresponsive rounded cells). The majority of the rest exhibited considerably increased times to reach telophase and then problems at cytokinesis (as evidenced by their prolonged times to separate) or more often complete failure, with cells starting the process and then returning to the rounded, twonucleus phenotype. These findings indicated that expression of high levels of E4orf4 (more than 10-fold higher than those expressed during infection with wild-type adenovirus) affects progression through mitosis and greatly delays or blocks cytokinesis. Versions of the movies used to generate these data can be seen in the supplemental material (Movie S1 for rtTA and Movie S2 for E4orf4).
Our earlier work by flow cytometry analysis of synchronized H1299 cells expressing high levels of E4orf4 indicated that, whereas cells arrested at G 1 /S with hydroxyurea (HU) were able to complete a round of DNA replication following removal of HU with those arrested at G 0 /G 1 , new rounds of DNA synthesis were not evident following addition of fresh serum (8) . We reexamined such cells by live imaging. Figure 2 shows results obtained with cells arrested in G 1/ S using HU (8) and then infected with the viral vectors; after 18 h, fresh medium containing 20% serum was added in the absence of HU. Figure 2A shows that the pattern with cells infected with the control rtTA vector resembled that shown in Fig. 1A ; both exhibit various times for cell rounding after removal of HU followed by a timely passage through mitosis. Figure  2B shows that E4orf4-expressing cells again exhibited a significant synchronized in G 1 /S with 2 mM hydroxyurea (HU) for 24 h before being infected at an MOI of 50 with adenovirus vectors expressing E4orf4 or rtTA (9, 11); they were followed by time-lapse microscopy at 15-min intervals for 18 h. Fifty cells were randomly chosen and followed to assess their phenotypes. Shown are results for G 1 /S-arrested cells infected with the control adenovirus rtTA vector and then released (A) or the adenovirus E4orf4 vector and then released (B).
population of unresponsive cells; others appeared to progress in keeping with our earlier findings but exhibited problems in mitosis and for the most part a failure in cytokinesis. Versions of the movies used to generate these data can be seen in the supplemental material (Movie S3 for rtTA and Movie S4 for E4orf4).
To examine cells following a G 0 /G 1 arrest, H1299 cells were cultured in medium containing only 0.01% serum for 72 h and infected with viral vectors, and after 18 h, fresh medium containing 20% serum was added. Figure 3A shows by flow cytometry analysis that, with control H1299 cells, the growth arrest was reasonably efficient and that, by 15 h after addition of serum, the majority of cells were in S phase. As the return to the cell cycle took some time, time-lapse photographs were taken from 18 to 36 h postrelease in this case. Figure 3B shows that cells infected with the control rtTA vector exhibited various times for cell rounding after serum addition followed by a timely passage through mitosis, as in Fig. 1A and 2A. Figure 3C shows that with E4orf4-expressing cells, the vast majority exhibited no response, although E4orf4 did induce rounding of most cells. These findings are in agreement with results from earlier studies showing that such cells significantly failed to initiate DNA replication (8) and probably represent G 1 -arrested 2n cells, which make up a large proportion of the dying population of E4orf4-expressing cells (8, 10) . Only a small percentage of cells appeared to contain two nuclei, and these exhibited problems in mitosis and cytokinesis. Versions of the movies used to generate these data can be seen in the supplemental material (Movie S5 for rtTA and Movie S6 for E4orf4).
The current studies have provided several insights into the tox- (B and C) H1299 cells were stably transfected with mCherry-tagged histone 2B and synchronized in G 0 /G 1 by growing them for 72 h in 0.01% serum; they were then infected at an MOI of 50 with adenovirus vectors expressing E4orf4 or rtTA (9, 11) and followed by time-lapse microscopy at 15-min intervals from 18 h to 36 h postrelease in 20% serum. Fifty cells were randomly chosen and followed to assess their phenotypes. G 0 /G 1 -arrested cells were infected with the control adenovirus rtTA vector and then released (B) or with the adenovirus E4orf4 vector and then released (C).
icity of E4orf4 when it is expressed in cancer cells at levels much higher than those detected normally during infection, when such effects would not be expected to occur (7) . They were consistent with earlier studies indicating that E4orf4 can affect mitosis. Expression of high levels of E4orf4 clearly induced a prolonged passage through telophase, with a severe lengthening or inhibition of cytokinesis. This effect probably explains the accumulation of a population of G 1 tetraploid cells following E4orf4 expression (8, 10) . Nevertheless, E4orf4 expression also rapidly resulted in cell rounding, a hallmark of early mitosis, suggesting that E4orf4 might induce early mitotic events but create problems with normal passage through and exit from mitosis. In this context, it should be remembered that E4orf4 was shown to bind to the putative substrate binding groove of the B55 regulatory subunit of PP2A (7, 21) , thus inhibiting PP2A B55 activity by interfering with the access of substrates to the holoenzyme (7, 9) . Interestingly, such inhibition may mimic a natural process for entry into mitosis regulated by Greatwall (Gwl) and endosulfine alpha (ENSA), which are involved in the control and timing of M phase (22) (23) (24) (25) (26) (27) (28) . Gwl is a protein kinase that phosphorylates ENSA, which then binds PP2A B55 and prevents the dephosphorylation of cyclin B/Cdk1 substrates from promoting entry into mitosis (23, (26) (27) (28) (29) (30) (31) (32) (33) . Thus, in the case of E4orf4, which is not regulated by tightly controlled cell cycle processes, aspects of the mitotic phenotype, including cell rounding, might be induced irrespective of the state of DNA replication and cell cycle progression. Such was the case that we found in Saccharomyces cerevisiae, in which induction of APC Cdc20 was demonstrated in cells held in G 1 /S by HU (18) . However, unlike with Gwl, inhibition of PP2A by E4orf4 is probably irreversible, and as PP2A B55 is required for proper mitotic exit (24, 25, 29, (33) (34) (35) (36) (37) , this constitutive effect may partly explain why E4orf4-expressing cells have difficulties exiting mitosis and completing cytokinesis. As seen in Table 1 , the time spent in mitosis in E4orf4-expressing cells increased by 5.7-fold in asynchronous cells and by 2.6-fold in G 1/ S-synchronized cells, although these increases were probably underestimated, as the unresponsive cells were not included.
These defects in progression through mitosis might represent a key inducer of E4orf4 toxicity in tumor cells; however, other E4orf4 effects may be of greater importance. E4orf4-expressing cells appear to be permanently arrested in G 1 , regardless of their 2n or 4n DNA content. Both such populations were shown to die following extended E4orf4 expression (8) . Thus, the key components linked to E4orf4 toxicity may not be associated with disruption of mitotic events but rather more with the regulation of the initiation of DNA synthesis. Studies are under way to identify additional targets that may provide further insights into the mechanism of action of E4orf4. 
